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Description

[0001] This invention pertains to a fluorescence life-
time imaging microscopy (FLIM) -based method for the
quantitative three-dimensional (3D) imaging of the met-
abolic status of a lesion, comprising the acquisition of
FLIM data of a least one anaerobic glycolysis marker.
This method applies in particular to lesions such as
wounds and tumours, and to markers such as the
NADH/NAD+ ratio, the NAD(P)H/NAD+ ratio, the
NADH/FAD ratio, the NAD(P)H/FAD ratio or the
FADH/FAD ratio as a first marker, and their optional com-
bination with a second marker such as pH, oxygen ten-
sion, glucose, pyruvate and lactate.

BACKGROUND

[0002] In normal skin, dermis has an extracellular neu-
tral-alkaline pH1,2. After tissue damage, cells involved in
tissue repair undergo a metabolic adaptation resulting
from low oxygen tension towards a less energy-efficient
process of anaerobic metabolism that leads to microen-
vironment acidosis2,3. In vitro evidence suggests a ben-
eficial effect of acidic pH in several processes implicated
in wound healing, which involve cell adhesion4,5, migra-
tion and proliferation6. In a previous report7, we described
an unprecedented role of tissue acidification in setting
PTX3, a key component of the humoral arm of innate
immunity, in a tissue remodelling and repair mode. In
wounds, reduced oxygen tension8 and factors down-
stream of cell anaerobic glycolysis, such as lactate9,10,
effectively stimulate immune and vascular endothelial
cells to release factors that support angiogenesis. Sub-
sequent neovascularization allows restoration of nutrient
delivery and oxygen, and cells use oxidative metabolism
for their longer-term functions contributing to restore the
wound pH to values near to neutral2,3.
[0003] While an acidic pH occurs in the inflammatory
phases of acute wounds that progress on healing, chron-
ic and highly infected wounds are characterized by abun-
dant recruitment of neutrophils and a non-acidic pH11,12.
Chronic non-healing wounds may occur secondarily to a
high alkaline pH11,13, and studies report a relationship
between wound pH and chronic wound healing14,15,16.
The effect of acidic pH in the wound bed has a clinical
functional relevance on the healing of chronic wounds11.
In fact, a prolonged chemical acidification of the wound
bed increases the healing rate in chronic venous leg
ulcers17. Chronic non-healing wounds continue to repre-
sent a therapeutic challenge for clinicians. Indeed, meas-
urement of wound pH predicts healing outcomes and skin
graft survival in experimental and clinical studies and de-
termines success or failure of surgical treatment of burns
and chronic ulcers11, 17. Measurement of skin pH is usu-
ally carried out with pH electrodes, which is limited to the
skin surface or in the evaluation of superficial environ-
mental factors13 and provides an inherently low spatial
resolution. The measurement in the inner parts of the

skin can be attempted by the subsequent removal of skin
layers with adhesive tape18, however applied with limi-
tation to measurement in the damaged dermis.
[0004] In tumours, a high metabolic rate leads to aci-
dosis in poorly perfused regions as a result of high glu-
cose consumption and high lactate production9,19,20,
thus affecting cancer progression10,21,22,23. Acidic tu-
mour microenvironment induces cancer cells to increase
formation of lamellipodia, adhesion and invasiveness, as
well as the increased secretion of ECM
proteases24,25,26,27. A possible molecular mechanism
underlying the promotion of cell adhesion and invasion
was related to the pH-dependent activation of cell surface
integrins5. Interference with pH may represent a thera-
peutic target also in cancer28. Macrophages have a direct
impact on metabolism in the tumour
microenvironment10,29. M1-polarized macrophages
show a metabolic shift towards an anaerobic glycolytic
pathway typical in acute infections and hypoxic tissues,
and iron storage through ferritin expression. On the other
hand, M2-polarized macrophages show an oxidative glu-
cose metabolism and express high levels of ferroportin,
an iron exporter that promotes tissue repair and tumour
growth29,30. The definition of mechanisms that regulate
the metabolic activity of macrophages may be important
to define their relevance in cancer progression10.
[0005] US 2012/276578 A1 discloses a method for dis-
criminating the in vivo metabolic state of cells in a tissue
comprising providing a tissue sample comprising a plu-
rality of tissue components; performing fluorescence life-
time imaging microscopy to said tissue sample to gen-
erate a fluorescence lifetime imaging data of said tissue;
and performing image segmentation to measure the av-
erage phasor value of regions of interest in the tissues,
whereby the relative concentration of the tissue compo-
nents are determined. Tissues or tissue samples utilized
can be cancer or precancer cells. Tissue components
may be NADH/NAD+ ratio.

BRIEF DESCRIPTION OF THE FIGURES

[0006]

Figure 1: Kinetic analysis (left) and representa-
tive macroscopic images (right) of untreated vs
DCA-treated skin wounds
Figure 2: Measurement of anaerobic glycolysis
in wound by FLIM quantification of NADH/NAD+

ratio. (A)map of a gradient of NADH/NAD+ ratio .(B)
phasor analysis of FLIM NADH fluorescence.. (C)
representative portion of a straightened image of
NADH/NAD+ ratio from wound margin (D),
NADH/NAD+ ratio percentage as a function of dis-
tance from wound (E), XZ maximum intensity pro-
jection around the wound margin.
Figure 3: Analysis of hypoxia in wound. (A) Pi-
monidazole fluorescence intensity image of a
wound. (B), Pimonidazole fluorescence intensity im-
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age straightened along wound margin (C), XZ max-
imum intensity projection of Pimonidazole fluores-
cence intensity. (D), Pimonidazole intensity as a
function of distance from the perilesional area.
Figure 4: Analysis of pH in wound. (A) maximum
intensity projection of a representative pH map
stack.. (B) linearized portion of a slice of the same
pH map stack. (C) XZ maximum intensity projection.
(D), pH as a function of distance from the wound.
Figure 5: Measurement of anaerobic glycolysis
in the tumor microenvironment by FLIM quanti-
fication of NADH/NAD+ ratio (A) (A) 740 nm Pho-
tomultiplier tube (PMT) imaging (B), NADH/NAD+ ra-
tio map. (C), representative portion of a straightened
NADH/NAD+ ratio map. (D)NADH/NAD+ ratio as a
function of distance from the tumor front.
Figure 6. Views of skinfold chamber.
Figure 7. Two-phase exponential decay fit of
NADH lifetime profile of untreated vs DCA treated
skin wounds.
Figure 8 Effect of the mitochondrial respiratory
chain in the measurement of NADH/NAD+ ratio
as expression of glycolysis in wound. (A)
NADH/NAD+ ratio percentage as a function of dis-
tance from wound. (B) map of a gradient of
NADH/NAD+ ratio in wound in untreated or mice
treated with Rotenone and Antimycin A.

DESCRIPTION OF THE INVENTION

[0007] There is provided a method for the quantitative
three-dimensional (3D) imaging of the metabolic status
of a lesion, such method comprising:

a) acquiring fluorescence lifetime imaging microsco-
py (FLIM) data of an anaerobic glycolysis marker of
the lesion
b) subjecting the data relative to the anaerobic gly-
colysis marker acquired in step a) to a phasor anal-
ysis, thereby obtaining a phasor diagram
c) using the phasor diagram obtained on step b) to
computationally generate a quantitative 3D image of
the anaerobic glycolysis status of the lesion, wherein
the anaerobic glycolysis marker is selected from the
list of the NADH/NAD+ ratio, NAD(P)H/NAD+ ratio,
the NADH/FAD ratio, the NAD(P)H/FAD ratio and
the FADH/FAD ratio, and wherein step c) when ap-
plied to the data relative to anaerobic glycolysis
marker consists in dividing the data in a number of
regions corresponding to different intervals of
NADH, NAD(P)H or FADH lifetimes and assigning
each pixel belonging to the same region a single in-
tensity value correlated to such lifetime interval.

[0008] In another embodiment, the method further
comprises the following steps:

d) acquiring, simultaneously to the data acquired in

step a), FLIM data relative to a second metabolic
marker of the lesion;
e) computationally generate a quantitative 3D image
with the data acquired in step d)
f) overlay the images obtained in steps c) and e)
thereby obtaining a 3D image of the metabolic status
of a lesion

[0009] In one embodiment, the second metabolic
marker is selected from the list of pH, oxygen tension,
glucose, pyruvate and lactate.
[0010] In another e embodiment, the number of regions
is chosen from the list of at least 3, at least 5 and 5.
[0011] In another embodiment in step e) the data rel-
ative to pH is processed by fitting the fluorescence life-
time of each pixel to a pH value by reference to a standard
calibration scale.
[0012] In yet another embodiment, the FLIM is selected
from the list of single photon FLIM, 2-photon FLIM and
multiphoton FLIM.
[0013] In a further embodiment, the lesion is selected
from the list of a wound, an internal wound, a cutaneous
wound, a pathologic wound, an ulcer, a scar, a solid tu-
mour and a tumour-draining lymph node.
[0014] In another embodiment, the solid tumour is se-
lected from the list of skin tumour, melanoma, colon tu-
mour, soft tissue sarcoma, visceral sarcoma, fibrosarco-
ma, liver tumour and stomach tumour.
[0015] All embodiments may be combined.
[0016] The invention may be further described by the
results discussed below, in reference to figures 1 to 8 .

RESULTS

[0017] Figure 1: In vivo relevance of the cell meta-
bolic adaptation in skin repair. The excisional skin
wound healing model was used. Left, kinetic analysis of
skin wound areas was performed. Values represent
mean 6 SD. Right, representative macroscopic images
of untreated and DCA treated mice are shown at the in-
dicated days after wounding. Bar, 5 mm. *P < 0.05, **P
< 0.01; Student’s t-test. Untreated, n=8; DCA, n=9. One
experiment shown out of two performed with similar
number of animals.
[0018] Figure 2: Measurement of anaerobic glyco-
lysis in wound by FLIM quantification of NADH/NAD+

ratio. Phasor analysis of free and bound NADH fluores-
cence allows a quantification of their relative increase.
A, map of a gradient of NADH/NAD+ ratio (grey). Wound
margin is highlighted with a dashed line. All scale bars
100mm. B, phasor analysis of FLIM NADH fluorescence.
NADH region of the phasor plot was divided in five sub-
regions along the major axis and each is associated with
an intensity value (0-20, 20-40, 40-60, 60-80, 80-100).
Reference calibration points for SHG, to account for the
IRF, and for fluorescein and NADH are also displayed
(n=5 measurements for each performed). C, the image
shows a representative portion of a straightened image
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of NADH/NAD+ ratio from wound margin (dashed line).
D, NADH/NAD+ ratio percentage as a function of distance
from wound (grey). The graph shows the increase of
NADH production around the wound. Linear regression
with 95% confidence level bands (black line) shows a
significant decrease in the ratio from the wound front (De-
viation from slope zero test, P<0.0001); n=11 mice.
NADH/NAD+ ratio is lower in perilesional area of DCA-
treated mice (grey line vs grey line of D, comparison be-
tween first 10 values of each condition, t-test ****,
P<0.0001). n=3 mice. Comparison between linear re-
gressions with 95% confidence level bands (darker lines
with bands) show a reduction in line slope in DCA-treated
mice (Deviation between slopes test, P<0.0001. Devia-
tion from slope zero test, P<0.0001). E, XZ maximum
intensity projection shows a preferential increase of
anaerobic glycolysis (higher intensity) around the wound
margin.
[0019] Figure 3: Analysis of hypoxia in wound. A,
the image shows a preferential localization of hypoxia
(larger white spots around the wound edge) in regions
of higher glycolytic metabolism (increased NADH/NAD+

ratio; grey). Pimonidazole (Pimo) fluorescence intensity
was used to detect hypoxic regions. Wound margin is
highlighted with a dashed line. All scale bars 100mm. B,
Pimo image straightened along wound margin (dashed
line). C, XZ maximum intensity projection of Pimo fluo-
rescence intensity. D, Pimo intensity as a function of dis-
tance from the perilesional area. Linear regression 95%
confidence level bands show a significant decrease (De-
viation from slope zero test, P<0.0001). n=3 mice.
[0020] Figure 4: Analysis of pH in wound. A, maxi-
mum intensity projection of a representative pH map
stack. Gray gradient represents pH as indicated in the
pH scale. Wound margin is highlighted with a dashed
line. All scale bars 100 mm. B, linearized portion of a slice
of the same pH map stack. C, XZ maximum intensity
projection. D, pH as a function of distance from the
wound. Images from B were averaged. Linear regression
with 95% confidence level bands shows a significant in-
crease (Deviation from slope zero test, P<0.05). n=6
mice.
[0021] Figure 5: Measurement of anaerobic glyco-
lysis in the tumor microenvironment by FLIM quan-
tification of NADH/NAD+ ratio. CX3CR1+/gfp mouse
monocytes were i.d. injected 1-day prior acquisition. A,
stack acquired with PMTs is used to prepare a binary
mask of the two cell populations. Dashed line highlights
tumor front. All scale bars 200mm. B, binary mask is ap-
plied to the NADH/NAD+ map to obtain a map subset for
each cell population. C, representative portion of a
straightened NADH/NAD+ ratio map for the GFP+ cells.
D, NADH/NAD+ ratio as a function of distance from the
tumor front. Solid brighter lines were obtained by appli-
cation of a LOWESS smoothing. Linear regression of the
GFP+ cells (darkest line with 95% confidence level
bands) shows a decrease in NADH/NAD+ ratio in
CX3CR1+/gfp cells from the tumor front (deviation from

slope zero test, P<0.0001), while a Student t-test be-
tween the two populations shows that tumor cells globally
have higher NADH/NAD+ ratio compared to the
CX3CR1+/gfp cells. **** P< 0.0001. n=6 independent
mice.
[0022] Figure 6. View of skinfold chamber. A, the
chamber shown from the exterior (left) and interior (right)
part, with screws and bolts for mounting. The chamber
has an imaging window of 10 mm. To further preserve
the sample, a coverslip of size 11 mm can be mounted
and fixed with an O-ring of same size. B, schematics of
the chamber with dimensions. C, mounted chamber.
[0023] Figure 7. Two-phase exponential decay fit
of NADH lifetime profile. Lifetime fit with a two-expo-
nential decay curve of a perilesional region from single
plane acquired with the same setting as Fig. 2 displays
a short and long lifetime component, corresponding to
free and proton-bound NADH, but fails to detect differ-
ences in the contributions. This approach is time con-
suming and can be misleading because free and protein-
bound NADH have common exponential components
and the NADH binding sites with different enzymes can-
not considered.
[0024] Figure 8. Effect of the mitochondrial respi-
ratory chain in the measurement of NADH/NAD+ ratio
as expression of glycolysis in wound. A, NADH/NAD+

ratio percentage as a function of distance from wound.
Upon administration of Rotenone (middle graph vs grey
graph for untreated condition), NADH/NAD+ ratio shows
no significant decrease in value (comparison between
first 10 values of each condition, t-test, P>0.05), but a
significant reduction in line slope (Deviation between
slopes test, P<0.0001. Deviation from zero slope test,
P<0.0001). NADH/NAD+ ratio is lower in perilesional ar-
ea of Antimycin A-treated mice (bottom graph vs grey
line for untreated condition, comparison between first 10
values of each condition, t-test, P<0.0001). Comparison
with linear regressions with 95% confidence level bands
(darker lines with bands) show a reduction in line slope
in Antimycin A-treated mice (Deviation between slopes
test, P<0.0001. Deviation from slope zero test,
P<0.0001). B, map of a gradient of NADH/NAD+ ratio
(grey) in wound in untreated (n=4) or mice treated with
Rotenone (n=3) and Antimycin A (n=2). Wound margin
is highlighted with a dashed line. All scale bars 20mm.

Relevance of cell metabolic adaptation in wound 
healing in vivo

[0025] Evidences suggest that wound acidification re-
sulting from the cell metabolic adaptation after damage
acts as a regulator of several activities involved in tissue
repair11, 14,16. In order to determine the relevance of
wound acidification in healing outcome in vivo, the pyru-
vate dehydrogenase kinase (Pdk) inhibitor dichloroace-
tate (DCA) was used in a model of full-thickness exci-
sional skin wounding to promote glucose oxidation over
anaerobic glycolysis, thus interfering with local acidosis.
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As shown in Fig. 1, mice treated (n=9) with a single ad-
ministration of DCA (300mg/Kg) 1h prior skin wounding
showed significantly delayed curve compared to mice
treated with vehicle alone (n=8). As assessed by meas-
urement of wound area, DCA-mediated delayed wound
closure corresponded to: day 1, -28.3% (P=0.005); day
2, -27.1% (P=0.004); day 3, -22.5% (P=0.05); day 4,
-24.5% (P=0.02); day 5, -30.5% (P=0.002); day 6, -20.4%
(P=0.01); day 7, -17.4% (P=0.03); compared to control
mice (Fig. 1), thus inhibition of cellular anaerobic glyco-
lysis at early stages significantly affects the process of
tissue repair.

Measurement of cell glycolysis activity in wound by 
FLIM

[0026] Relevance of the results in vivo prompted us to
draft a method for investigating the cellular metabolic ad-
aptation that occurs in tissue repair. Anaerobic glycolysis
leads to an imbalance of the metabolic coenzyme NADH,
as main electron exchanger in the glucose cycle, over
NAD+. However, NADH loses fluorescence intensity up-
on oxidation to NAD+. Furthermore, fluorescence inten-
sity measurements are subject to variations in concen-
tration and quantum yield differences between free and
protein-bound forms of NADH. Therefore, the fluores-
cence lifetime decay of the metabolic coenzyme NADH
was measured to evaluate the cell glycolysis activity in
wounded skin in vivo. An experimental model of dorsal
full-thickness incisional wounding7 and a custom-de-
signed imaging chamber (Fig. 6) were used for the pur-
pose.
[0027] On day 1 after wounding, FLIM images were
acquired with 2PM and stitched to produce lifetime XYZ
mosaics (600-1000mm wide and 200mm deep) (Fig. 2a).
Common FLIM imaging has slow acquisition times, which
are required to collect enough photons to reconstruct a
time decay curve. This was compensated by the use of
a time correlated single-photon counting (TCSPC) 16-
channel parallel detector, with an average counting
speed of 80 MHz which allowed faster 3D scanning of
the mosaic over lesion area31. The ratio of free to protein-
bound NADH has been known to be associated with the
ratio of NAD+ to NADH in small intestine epithelial cells32

and breast cancer cells33. Protein-bound NADH has a
complex multi-exponential lifetime decay that has been
related to its binding to different enzymes, such as malate
dehydrogenase and lactate dehydrogenase34. Standard
approaches revolved on a characterization by fitting with
a two-exponential curve, corresponding to a short or long
lifetime range. This approximation is however misleading
because free and protein-bound NADH have common
exponential components and the NADH binding sites
with different enzymes cannot be considered32,35. In fact,
in our case this approach was ineffective to discriminate
between untreated and DCA-treated mice (Fig. 7). Life-
time decays in perilesional regions of untreated and
DCA-treated mice could not show significant differences

when fitted with a two-exponential decay function (Fig.
7; Student t-test, P>0.05). Instead, phasor analysis32,36

was used. In accordance with a previous report37, we
designed an analysis that first divides the phasor cloud
into five regions (Fig. 2b) corresponding to a gradient of
prevailing anaerobic glycolysis in regions of lower life-
times towards a region where more oxidative phospho-
rylation occurs. Pixels attributed to each region were then
associated to discrete values of decreasing intensity, and
therefore quantification of pixel intensity on the resulting
image was proportional to the relative increase in anaer-
obic glycolysis. By linearizing images, we obtained a spa-
tial distribution of anaerobic glycolysis from wound profile
(Fig. 2c). At lesion margin, gradient of NADH/NAD+ ratio
corresponded to 29.160.4% and decreased until to
2.660.1% distance (range of 200-500mm) from the
wound. The decrease was evaluated with a linear regres-
sion fitting as the simplest fitting model for testing the
overall deviation from zero slope curve (linear regression
fitting with a slope of -0.050 6 0.0016 mm-1; black line
with 95% CL bands; deviation from zero slope test,
P<0.0001) (Fig. 2d). An increased anaerobic glycolysis
around wound margins was also evident in XZ maximum
intensity projection images of the maps (Fig. 2e). Admin-
istration of DCA (300 mg/Kg, i.p.; 1h) altered the glycol-
ysis activity in wounds as assessed by phasor analysis
of NADH (Fig. 2d, red). FLIM images were acquired in
wounds of untreated mice and after injection of DCA.
Reduction in anaerobic glycolysis at perilesional area re-
sulted from 29.160.4 % to 8.060.2 % (mean of the first
10 values, t-test P<0.0001). Also, gradient steepness
evaluated with linear regression fitting was lowered from
a slope of -0.050 6 0.0016 mm-1 to -0.035 6 0.0023 mm-1

(Fig. 2d, darker lines with 95% CL bands. Deviation be-
tween slopes test, P<0.0001. Deviation from zero slope
test for both conditions, P<0.0001). To assess the effect
of the mitochondrial respiratory chain on glycolytic gra-
dient in wound, Rotenone and Antimycin A were used in
vivo as inhibitors of the complexes I and III of the Electron
Transport Chain (ETC), respectively. Rotenone was re-
ported to reduce NADH lifetimes and increase accumu-
lation of free NADH38. Antimycin A binds to the Qi site of
cytochrome c reductase affecting the terminal respiratory
chain and hence ATP production. Local administration
of Rotenone (20mM) impaired the formation of a gradient
of NADH/NAD+ ratio, lowering the slope from -0.267 6
0.06 mm-1 to -0.113 6 0.002 mm-1 (Fig. 8, darker lines
with 95% CL bands. Deviation between slopes test,
P<0.0001, n=3 per group). Rotenone did not affect the
fraction of anaerobic glycolysis at wound margin (from
20.28 6 0.41 % to 20.08 6 0.21 %, Student t-test P>0.05)
but it increased glycolysis in regions distant from the
wound where an oxidative phosphorylation possibly oc-
curs. Evidence are in line with previous reports39,40,
where Rotenone leads a metabolic shift towards NADH
accumulation and glycolysis from oxidative phosphoryla-
tion. Antimycin A (5mM) altered the formation of a gradi-
ent (Fig. 8, slope decreased to -0.046 6 0.08 mm-1; de-

7 8 



EP 4 132 347 B1

6

5

10

15

20

25

30

35

40

45

50

55

viation between slopes test, P<0.0001, untreated, n=3;
Antimycin A, n=2) affecting, as expected41, glycolysis at
wound margin (8.37 6 0.49 % (Student t-test, P<0.0001).
[0028] In the same wound model, the classical probes
Hypoxyprobe Pimonidazole-HCl (Pimo) and 2’, 7’-Bis-(2-
Carboxyethyl)-5-(and-6)-Carboxyfluorescein (BCECF)
were used to correlate glycolytic activity with regions of
hypoxia and extracellular acidic pH, respectively, in
wounds.
[0029] As assessed by measurement of Pimo fluores-
cence intensity, hypoxic areas were preferentially asso-
ciated with increased NADH/NAD+ ratio (Fig. 3a) at
wound margins (Fig. 3b and 3c). Linear regression of
Pimo fluorescence intensity fitted with a slope of -0.0134
6 0.00032 mm-1 (Fig. 3d, darker purple line with 95% CL
bands. Deviation from zero slope test, P<0.0001).
[0030] The pH sensitive probe BCECF shows reduced
emission intensity and lifetime in a protonated form. As
reported1, BCECF FLIM images were fitted with a single
exponential after subtraction of an estimated instrument
response function (IRF). These images were then
stitched to produce lifetime XYZ mosaics (600-1000mm
wide), from which we computed pH maps (Fig. 4a). To
analyse the spatial distribution from the wound margin,
the wound profile in the mosaics was then linearized (Fig.
4b) and pH was analysed as average in consecutive and
equally distributed ROI bins from wound margin. XZ pro-
jections showed an acidic pH at the perilesional margins
of 6.1760.58, which at 200635mm switches to a more
basic pH of 7.82 6 0.24 (Fig. 4c). The pH curve showed
a significant increase in pH as a function of distance in
mm from the wound margin, with a positive slope of
0.0013 6 0.00022 mm-1 when fitted with a linear regres-
sion model (Fig. 4d, darker green line with 95% CL bands.
Deviation from zero slope test, P<0.05). Therefore, re-
sults indicate a correlation between regions of increased
NADH/NAD+ ratio as expression of augmented cell gly-
colytic activity ratio and hypoxia and acidification at
wound margins.

Measurement of cell glycolysis activity in cancer mi-
croenvironment by FLIM

[0031] Solid tumours show an acidic microenviron-
ment, which could be a determining factor in the induction
of aggressive cancer phenotypes20,26. Metabolic adap-
tation in cancer is a key component of macrophage plas-
ticity and definition of mechanisms regulating metabolic
activity of macrophages, as well as the orchestration of
metabolism by macrophages, are essential for the dis-
ease progression and represent a possible therapeutic
intervention10,23. Measurement of NADH fluorescence
lifetime was therefore extended in an experimental trans-
plantable model of cancer in order to reconstruct a cel-
lular metabolic map of macrophages in the tumour mi-
croenvironment (Fig. 5). mCherry-tagged cancer cell line
CT26 were intradermally (i.d.) injected into CD-1 nude
mice. On day 3, GFP+ monocytes isolated from the

spleen of CX3CR1+/gfp mice were i.d. injected in the per-
itumoral area. On day 4, dermis was surgically exposed
with a skin flap and mounted into the imaging chamber
with tumour at the centre. A first acquisition in standard
imaging modality at 740 nm (Fig. 5a) was conducted to
visualize the two cell populations and create their corre-
sponding threshold-based binary masks. Thereafter,
same XYZ area was then acquired in FLIM modality at
740 nm and analysed to obtain a NADH/NAD+ map of
the tumour and peritumoral area. The two binary masks
were then used to extract NADH/NAD+ maps of the cor-
responding cell populations (Fig. 5b). Images were then
linearized from the tumour front to the peritumoral region
for the GFP+ population (Fig. 5c), and from the tumour
front to the inner region of the lesion for the mCherry+

population. As shown, at tumour-stromal interface
mCherry+ and GFP+ cells showed a significantly higher
NADH/NAD+ ratio corresponding to a higher level of
anaerobic glycolysis compared to the surrounding tissue
(P<0.0001). At peritumoral region, linear regression (Fig.
5d, darker green line with 95% CL bands) of the
NADH/NAD+ ratio associated with GFP+ cells showed a
significant decrease (slope -0.0041 6 0.00047 mm-1, de-
viation from zero slope test P<0.0001).

DISCUSSION

[0032] We ascertained the effective relevance in vivo
of cellular metabolic adaptation occurring in skin repair
by interfering with anaerobic glycolytic activity. Moreover,
we describe a protocol based on measurement of the
intrinsic lifetime of NADH to reconstruct a spatial distri-
bution of changes in anaerobic glycolysis correlated with
areas of acidic pH and hypoxia in wound, as well as in a
cancer. The method was challenged by interfering with
the anaerobic glycolysis through the use of DCA, an in-
hibitor of Pdk that leads to enhanced activity of pyruvate
dehydrogenase thereby augmenting oxidative
phosphorylation42. Moreover, we report evidence of
modulation of the glycolytic gradient of the wound by in-
terfering with the mitochondrial respiratory chain through
the use of a specific inhibitors.
[0033] In preclinical studies, the in vivo metabolic flu-
orescence imaging indirectly measures changes in oxy-
gen tension, pH and glucose absorption in injured tissues
and in tumour microenvironment by methods based on
the detection of fluorescence intensity of specific sensi-
tive probes, which suffer from local changes in probe
concentrations and scattering. Ratiometric pH probes,
such as seminaphtharhodafluor (SNARF), are intracel-
lular pH indicators and are based on the intensity meas-
urement at two emission wavelengths for the protonated
and unprotonated forms of the dye43. Wavelengthde-
pendent dyes can suffer from significant errors due to
chromatic aberrations that can affect measurement es-
pecially in deeper portions of thick tissues44. Probes for
optical in vivo imaging and positron-emission tomogra-
phy (PET) exist to assess hypoxia45 and glucose46.
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Therefore, combination between optical in vivo imaging
and specific fluorescent probes is suitable for quantifying
the selected markers over a period of time, being also
minimally invasive. However, it lacks appropriate spatial
resolution: on a readily accessible organ such as the skin,
the commonly achievable resolution ranges from 5 to 1
mm. Measurement of intrinsic lifetime of NADH and FAD
is emerging as a reliable technique for assessing cellular
metabolism parameters in vitro38. NADH FLIM also en-
abled analysis of pharmacologically-induced alterations
to mitochondrial metabolic processes from baseline cer-
ebral metabolism in rat cerebral cortex35 and metabolic
changes at front of wound re-epithelialization in diabetic
and control mice47. This prompted us to apply protocol
for measuring the spatial distribution of NADH in exper-
imental models of tissue repair, as well as of cancer. In-
deed, fluorescence decay time is an intrinsic quantity and
quantification of FLIM is not subject to the same limita-
tions as measurement of fluorescence intensity32. More-
over, 2PM excitation provides high penetration depth into
the tissues for intravital imaging and cell resolution, al-
lowing functional three-dimensional imaging.
[0034] In the clinic, the general method for the evalu-
ation of skin pH is limited to measurements with
electrodes13,18, which does not ensure adequate spatial
resolution at the cellular level and a measurement limited
to the most superficial part of the skin. Measurement of
pH in non-healing or highly infected chronic wounds is
an important element in the prediction of healing, as is
the survival of skin graft in experimental and clinical stud-
ies and determines the success or failure of surgical treat-
ment of burns and chronic ulcers11,14,17. Acidification of
chronic venous ulcers is functionally relevant to the ac-
tivities of remodelling cells, and therefore to their
healing11,16. Overall, we describe a method that allows
drawing a complete picture of wound metabolic pheno-
type and its spatial distribution, which could enhance the
understanding of the relationship between microenviron-
ment, metabolism and cell players in tissue repair. More-
over, this method could also represent a novel non-inva-
sive diagnostic protocol for the monitoring of pathological
wounds through the analysis of their glycolytic profile and
the prediction of the outcome of surgical treatments.

METHODS

[0035] Animals. C57Bl6/J female mice 8-14 weeks old
(Charles River Laboratories) were used. 8-14 weeks old
CX3CR1+/gfp female mice were purchased from The
Jackson Laboratory. Mice were housed in the specific
pathogen-free animal facility of the Humanitas Clinical
and Research Center in individually ventilated cages.
Procedures involving animals handling and care were
conformed to protocols approved by the Humanitas Clin-
ical and Research Center (Rozzano, Milan, Italy) in com-
pliance with national (4D.L. N.116, G.U., suppl. 40,
18-2-1992; D.L. N. 26, G.U. 4-3-2014) and international
law and policies (EEC Council Directive 2010/63/EU, OJ

L 276/33, 22-09-2010; National Institutes of Health Guide
for the Care and Use of Laboratory Animals, US National
Research Council, 2011, ARRIVE guidelines). The study
was approved by the Italian Ministry of Health (approval
n. 71/2012-B, issued on the 09/03/2012). All efforts were
made to minimize the number of animals used and their
suffering.
[0036] Excisional model of skin injury. A full-thickness
excisional skin injury model was performed as previously
described7. Mice were anesthetized with 10mL/g of
weight of Ketamine (final concentration 10mg/mL) and
Xylazine (final concentration 1mg/mL) in saline buffer.
As described7, a full-thickness wound (from skin to un-
derlying panniculus carnosus) was generated with dis-
posable biopsy punch (8-mm diameter). Gentamicin was
immediately applied to limit gross bacterial infections, not
evident from histological examination carried out at dif-
ferent time points of the experiment. Mice were optionally
treated with a solution of sodium dichloroacetate (DCA;
Sigma-Aldrich Corp.), which was injected i.p. in 10-12
weeks-old C57BL/6J with a dosage of 300mg/Kg 1h be-
fore skin wounding. PBS or saline were used in control
mice. As previously described7, the skin wounds of each
mouse were digitally photographed and measured during
wound healing by tracing them on a transparency, cal-
culated with the ImageJ-Fiji software, and the variations
in time expressed as a percentage of the initial wound
area.
[0037] Incisional model of skin injury. A full-thickness
incisional skin injury model was performed with a scalpel
in the centre region of the shaved back skin. We used
C57Bl6/J mice of age between 8 and 14 weeks. Whole
back skin was then hair-clipped and shaved with depila-
tory cream. Wound lesion was created by cutting the dor-
sal skin with a scalpel while pinching and pressing on a
surface. The cut length was around 2-3mm, resulting in
a final wound size of about 4-6mm. Mice older mice than
14 weeks showed more autofluorescence, which result-
ed in a longer time decay curve that could affect the ex-
ponential decay fitting in pH measurements and phasor
analysis. DCA was used as described before. Rotenone
(20mM, 50ml/mouse; Sigma-Aldrich Corp.) and Antimy-
cin A (5mM, 50ml/mouse; Sigma-Aldrich Corp.) were fi-
nally resuspended in saline and i.d. injected around
wound 1h before imaging analyses.
[0038] Transplantable model of cancer. Colon cancer
cell line CT26 transfected with mCherry was prepared
as described48 and i.d. injected in a CD-1 nude mouse
(1 3 106 cells in 100mL). After 3 days, 7-83105 GFP+

monocytes were isolated from the spleen of CX3CR1+/gfp

mice and i.d. injected in the peritumoral area. Imaging
analysis was conducted the day after their injection. The
dermis was surgically exposed with a skin flap as previ-
ously reported26 and mounted with tumour at the centre
of the imaging chamber’s window. A first acquisition in
imaging modality at 740 nm was used to identify the two
cell populations and create their corresponding thresh-
old-based binary masks. The same XYZ area was then
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immediately acquired a second time in FLIM modality at
740 nm and analysed to obtain a global NADH/NAD+

map of the tumour and peritumoral area. The two binary
masks were then used extract NADH/NAD+ maps of the
corresponding cell populations. The NADH/NAD+ maps
were then linearized and the intensity profile was meas-
ured.
[0039] Intravital imaging. The implant procedure for the
imaging chamber consists of pinching the dorsal skin on
one block of the chamber after placing the mouse on one
side, gently pressing the other block on the skin (Fig. S2).
The pressure on the dorsal skin can be adjusted with the
nuts, to avoid any restriction of blood flow. The imaging
chamber is then mounted on a micrometre XYZ manip-
ulator and lifted. The entire configuration creates a flat
imaging window and greatly reduces motion artefacts
due to the animal’s breathing. Animal temperature was
kept at 37°C with a heating pad (Fig. S2C), with mouse
placed in lateral decubitus. Vital signs and anaesthesia
level were regularly checked. Image mosaics were ac-
quired with a 2-photon laser-scanning microscope (LaVi-
sion BioTec; Germany) in upright configuration for direct
accessibility to the imaging window. Images were
200-250mm wide, with a pixel size of 0.8mm. The system
is equipped with a Chameleon Ultra Ti:Sa laser (Coher-
ent; USA), a 20X water-immersion objective
(XLUMPLFLN-W, NA 1.0, Olympus; ; Germany), two
GaAsP photomultipliers (H6780-20) and a TCSPC x16
FLIM detector (LaVision BioTec; Germany). Emission fil-
ters for the imaging modality were 525/50 and 609/54,
with a dichroic mirror at 593nm.
[0040] Measurement of glycolysis. Images were ac-
quired in FLIM modality with excitation wavelength
740nm and a power at sample range of 5 to 15mW, with
a pixel dwell of 5 to 15ms. 3D Mosaics were acquired with
a tile overlap of 0% to avoid artefacts in photon counts
at edges and Z step size of 5 to 10mm. We applied a 3x3
binning to the images to increase the signal-to-noise ra-
tio, losing spatial resolution but gaining analysis accura-
cy, and then calculated the phasor plot with TCSPC
Phasor Analysis Plugin for Fiji/ImageJ. Phasor plot was
calibrated with fluorescein (1mM; Sigma-Aldrich Corp.)
solution (0.1M NaOH), NADH (100mM; Sigma-Aldrich
Corp.) solution (0.1M MOPS buffer, pH 7) and second
harmonic signal (SHG) from urea crystals (Bio-Rad Lab-
oratories; USA) (n=5 measurements for both calibration
points). We then designed an analysis tool that first di-
vides the phasor cloud into five regions, corresponding
to a gradient of prevailing anaerobic glycolysis in regions
of lower lifetimes towards a region where more oxidative
phosphorylation occurs37. To determine the number of
divisions, we assumed that if there were a gradient, it
would between a region of high anaerobic glycolysis and
a flat region corresponding to the homeostatic condition,
with an inflection point in the central region. To describe
data with an inflection point at least four points are need-
ed, but since the inflection point was likely to occur at the
centre we took an odd number of bands, hence five was

the minimum required. These bands were constructed
from the major axis of the NADH phasor cloud49. Pixels
belonging to each region are then associated to five dis-
crete values of decreasing intensity, equally spaced from
0 to 100 (bins 0-20, 20-40, 40-60, 60-80, 80-100), starting
with the highest values from anaerobic glycolysis. Quan-
tification of pixel intensity is thus proportional to the rel-
ative increase in anaerobic glycolysis. Spatial distribution
of this intensity from wound margin was then analysed
with the mapping analysis described below. Values are
expressed as difference from basal level of each mouse,
as measured in a region distant from lesion margin.
[0041] Measurement of hypoxia. Hypoxyprobe Pimo-
nidazole-HCl (Pimo) (Hypoxyprobe; USA) was dissolved
to a concentration of 100mg/ml in PBS++, and 40mL of
Pimo were i.d. injected at perilesional area of the wound
site. After 45 minutes, we injected 30mL of antipimonida-
zole monoclonal antibody conjugated to Dylight 549 (Hy-
poxyprobe; USA) at 60mg/ml. Images were acquired 45
minutes after the Ab injections in imaging modality, with
an excitation wavelength of 780nm and a power at sam-
ple of 3-5mW. A line average of 2 was applied, for a total
pixel dwell of 8ms. 3D Mosaics were acquired with a tile
overlap of 0% to avoid artefacts in photon counts at edges
and Z step size of 5 to 10mm. Images were then recon-
structed with Fiji/ImageJ Stitching plugin and we meas-
ured the spatial distribution of fluorescence intensity with
the mapping analysis described below.
[0042] Measurement of pH. 2’,7’-Bis-(2-Carboxye-
thyl)-5-(and-6)-Carboxyfluorescein (BCECF) (Ther-
moFisher Scientific; USA) was dissolved in PBS++ to a
final stock concentration of 1.6mM and then to a working
solution of 80mM in Ethanol 100%. 50mL of the working
solution were applied topically to portion of skin inside
the imaging chamber 3 times, waiting for complete dye
take-up between the applications. Images were acquired
in FLIM modality with excitation wavelength 820nm and
a power at sample range of 5 to 15mW. To reach at least
103 photons per pixel, acquisition lines were summed to
reach a pixel dwell range 30-45ms. 3D Mosaics were ac-
quired with a tile overlap of 0% to avoid artefacts in photon
counts at edges and Z step size of 5 to 10mm. To obtain
single lifetime images, images were fitted with the FLIMfit
software tool developed at Imperial College London, us-
ing a single exponential and 3x3 binning.
[0043] To compute pH from the fluorophore’s lifetime,
we start from the Henderson-Hasselbach equation1

[0044] Measured lifetime τ at a certain point can be
expressed as weighted average of the lifetimes of proto-
nated and unprotonated fluorophores, respectively τhigh
and τlow
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then 

so that the Henderson-Hasselbach equation finally reads 

[0045] An analysis script employs this formula to com-
pute corresponding pH from the lifetime images. Deter-
mination of the unprotonated and protonated lifetimes
was extracted from a calibration curve that characterizes
the lifetime distribution of the fluorophore at different pHs.
As previously reported1,7, we corrected the lifetime with
a multiplication factor of 0.9 to consider a different refrac-
tive index in tissue than solution. Contribution to the life-
time from Second Harmonic Generation of abundant skin
collagen or autofluorescence may change the shorter or
longer part of the fluorescence time decay. For these
reasons we chose an excitation wavelength that mini-
mizes both contributions, deconvolved the Instrument
Response Function (IRF) measured from SHG-emitting
samples and excluded longer times from the time decay
window. Single pH images were then merged in a mosaic
with Fiji/ImageJ Stitching plugin. Spatial distribution of
pH was then analysed with the mapping analysis de-
scribed below.
[0046] Mapping analysis. The analysis of spatial dis-
tribution of glycolysis, pH and hypoxia were performed
with a set of Fiji/ImageJ macros (Supplementary Data
File 1). In the case of pH, the analysis first linearized the
wound front and perilesional area, divided the linearized
image in consecutive, equally spaced, ROI bins and
measured the average values in each bin. For
NADH/NAD+ maps and Pimo images, we first linearized
the wound front and perilesional area and then measured
the intensity profile.
[0047] Statistical Analysis. Data analyses and graph
construction were performed using Prism 7 software
(GraphPad; USA). The sample sizes for technical repli-
cates are presented in the figure legends, and samples
were randomly assigned to groups for experiments. Data
are presented as means 6 SEM unless otherwise stated.
For analysis of the statistical significance by Student
t-test, the data distribution in each experiment was
checked for normality using the D’Agostino-Pearson test.
P value for glycolytic index between tumour cells and
GFP+ peritumoral cells was calculated using an inde-
pendent-sample two-sided t test (Fig. 5d). Linear regres-
sion was calculated with a method of least squares, while

deviation from slope test was used to assess the pres-
ence of a gradient while imposing the minimum set of
assumptions on the profile function (Fig. 2d-e, 3d and 5d
for the analysis of the fraction of anaerobic glycolysis in
both tumour (x < 0) and peritumoral GFP+ cells (x > 0).
Unless otherwise stated, in this study P < 0.05 was con-
sidered significant (*P < 0.05, **P < 0.01, ***P < 0.001,
and ****P < 0.0001).
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Claims

1. A method for the quantitative three-dimensional (3D)
imaging of the metabolic status of a lesion, such
method comprising:

a) acquiring fluorescence lifetime imaging mi-
croscopy (FLIM) data of an anaerobic glycolysis
marker of the lesion;
b) subjecting the data relative to the anaerobic
glycolysis marker acquired in step a) to a phasor
analysis, thereby obtaining a phasor diagram;
c) using the phasor diagram obtained in step b)
to computationally generate a quantitative 3D
image of the anaerobic glycolysis status of the
lesion,

wherein the anaerobic glycolysis marker is selected
from the list of the NADH/NAD+ ratio,
NAD(P)H/NAD+ ratio, the NADH/FAD ratio, the
NAD(P)H/FAD ratio and the FADH/FAD ratio and
wherein step c) when applied to the data relative to
anaerobic glycolysis marker consists in dividing the
data in a number of regions corresponding to differ-
ent intervals of NADH, NAD(P)H or FADH lifetimes
and assigning each pixel belonging to the same re-
gion a single intensity value correlated to such life-
time interval.

2. The method of claim 1, further comprising:

d) acquiring, simultaneously to the data ac-
quired in step a), FLIM data relative to a second
metabolic marker of the lesion;
e) computationally generate a quantitative 3D
image with the data acquired in step d);
f) overlay the images obtained in steps c) and

e) thereby obtaining a 3D image of the metabolic
status of a lesion.

3. The method of claim 2, wherein the second meta-
bolic marker is selected from the list of pH, oxygen
tension, glucose, pyruvate and lactate.

4. The method of claims 1 to 3, wherein the number of
regions is chosen from the list of at least 3, at least
5 and 5.

5. The method of claims 2-4, wherein in step e) the data
relative to pH is processed by fitting the fluorescence
lifetime of each pixel to a pH value by reference to
a standard calibration scale.

6. The method of claims 1-5 wherein the FLIM is se-
lected from the list of single photon FLIM, 2-photon
FLIM and multiphoton FLIM.

7. The method of claims 1 to 6 wherein the lesion is
selected from the list of a wound, an internal wound,
a cutaneous wound, a pathologic wound, an ulcer,
a scar, a solid tumour and a tumour-draining lymph
node.

8. The method of claim 7, wherein the solid tumour is
selected from the list of skin tumour, melanoma, co-
lon tumour, soft tissue sarcoma, visceral sarcoma,
fibrosarcoma, liver tumour and stomach tumour.

Patentansprüche

1. Verfahren zur quantitativen dreidimensionalen (3D-)
Darstellung des Stoffwechselstatus einer Läsion,
wobei das Verfahren umfasst:

a) Erfassen von Fluoreszenzlebensdauer-Bild-
gebungsmikroskopie-(ELIM)-Daten eines Mar-
kers für die anaerobe Glykolyse der Läsion;
b) Unterziehen der in Schritt a) erfassten Daten
bezüglich des Markers für die anaerobe Glyko-
lyse einer Phasoranalyse, wodurch ein Phasor-
diagramm erhalten wird;
c) Verwenden des in Schritt b) erhaltenen Phas-
ordiagramms zur rechnerischen Erzeugung ei-
nes quantitativen 3D-Bilds des Status der ana-
eroben Glykolyse der Läsion,

wobei der Marker für die anaerobe Glykolyse aus
der Liste aus dem NADH/NAD+-Verhältnis, dem
NAD(P)H/NAD+-Verhältnis, dem NADH/FAD-Ver-
hältnis, dem NAD(P)H/FAD-Verhältnis und dem
FADH/FAD-Verhältnis ausgewählt wird und wobei
Schritt c), wenn er auf die Daten bezüglich des Mar-
kers für die anaerobe Glykolyse angewendet wird,
darin besteht, die Daten in eine Anzahl von Berei-

19 20 



EP 4 132 347 B1

12

5

10

15

20

25

30

35

40

45

50

55

chen zu unterteilen, die verschiedenen Zeitspannen
der NADH-, NAD(P)H- oder FADH-Lebensdauer
entsprechen, und jedes Pixel, das zu demselben Be-
reich gehört, einem einzelnen Intensitätswert zuzu-
weisen, der mit einer solchen Lebensdauer-Zeit-
spanne korreliert ist.

2. Verfahren nach Anspruch 1, ferner umfassend:

d) Erfassen, gleichzeitig mit den in Schritt a) er-
fassten Daten, von FLIM-Daten bezüglich eines
zweiten Stoffwechselmarkers der Läsion;
e) rechnerisches Erzeugen eines quantitativen
3D-Bilds mit den in Schritt d) erfassten Daten;
f) Überlagern der in Schritt c) und e) erhaltenen
Daten, wodurch ein 3D-Bild des Stoffwechsel-
status einer Läsion erhalten wird.

3. Verfahren nach Anspruch 2, wobei der zweite Stoff-
wechselmarker aus der Liste aus pH, Sauerstoff-
spannung, Glukose, Pyruvat und Laktat ausgewählt
wird.

4. Verfahren nach Anspruch 1 bis 3, wobei die Anzahl
der Bereiche aus der Liste aus wenigstens 3, we-
nigstens 5 und 5 ausgewählt wird.

5. Verfahren nach Anspruch 2 bis 4, wobei in Schritt e)
die Daten bezüglich des pH verarbeitet werden, in-
dem die Fluoreszenzlebensdauer jedes Pixels durch
Bezugnahme auf eine Standardkalibrierungsskala
an einen pH-Wert angepasst wird.

6. Verfahren nach Anspruch 1 bis 5, wobei die FLIM
aus der Liste aus Ein-Photonen-FLIM, 2-Photonen-
FLIM und Multi-Photonen-FLIM ausgewählt wird.

7. Verfahren nach Anspruch 1 bis 6, wobei die Läsion
aus der Liste aus einer Wunde, einer inneren Wun-
de, einer Hautwunde, einer pathologischen Wunde,
einem Geschwür, einer Narbe, einem soliden Tumor
und einem tumordrainierenden Lymphknoten aus-
gewählt wird.

8. Verfahren nach Anspruch 7, wobei der solide Tumor
aus der Liste aus Hauttumor, Melanom, Dickdarm-
tumor, Weichteilsarkom, viszeralem Sarkom, Fibro-
sarkom, Lebertumor und Magentumor ausgewählt
wird.

Revendications

1. Procédé d’imagerie tri-dimensionnelle (3D) quanti-
tative du statut métabolique d’une lésion, ce procédé
comprenant les étapes consistant à :

a) acquérir les données de microscopie d’ima-

gerie de durée de vie de fluorescence (FLIM)
d’un marqueur de glycolyse anaérobie de la
lésion ;
b) soumettre les données relatives au marqueur
de glycolyse anaérobie acquises dans l’étape
a) à une analyse de phaseur, obtenant ainsi un
diagramme de phaseur ;
c) utiliser le diagramme de phaseur obtenu dans
l’étape b) pour produire computationnellement
une image 3D quantitative du statut de glycolyse
anaérobie de la lésion,

le marqueur de glycolyse anaérobie étant choisi de
la liste du rapport NADH/NAD+, du rapport
NAD(P)H/NAD+, du rapport NADH/FAD, du rapport
NAD(P)H/FAD et du rapport FADH/FAD et l’étape
c) quand elle est appliquée aux données relatives
au marqueur de glycolyse anaérobie consistant en
la division des données dans un nombre de régions
correspondant à des intervalles différents de durées
de vie de NADH, NAD(P)H ou FADH et en assignant
chaque pixel appartenant à la même région à une
seule valeur d’intensité corrélée à cet intervalle de
durée de vie.

2. Procédé selon la revendication 1, comprenant en
outre :

d) d’acquérir, simultanément aux données ac-
quises dans l’étape a), les données FLIM rela-
tives à un second marqueur métabolique de la
lésion ;
e) de produire computationnellement une image
3D quantitative avec les données acquises dans
l’étape d) ;
f) de superposer les images obtenues dans les
étapes c) et e) obtenant ainsi une image 3D du
statut métabolique de la lésion.

3. Procédé selon la revendication 2, dans lequel le se-
cond marqueur métabolique est choisi dans la liste
du pH, de la tension d’oxygène, du glucose, du py-
ruvate et du lactate.

4. Procédé selon les revendications 1 à 3, dans lequel
le nombre de régions est choisi dans la liste d’au
moins 3, d’au moins 5 et de 5.

5. Procédé selon les revendications 2 à 4, dans lequel
dans l’étape e) les données relatives au pH sont trai-
tées par ajustement de la durée de vie de fluores-
cence de chaque pixel à une valeur de pH par réfé-
rence à une échelle de calibration standard.

6. Procédé selon les revendications 1 à 5, dans lequel
le FLIM est choisi dans la liste du FLIM à un seul
photon, du FLIM à 2 photons et du FLIM multi-pho-
tons.
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7. Procédé selon les revendications 1 à 6, dans lequel
la lésion est choisie dans la liste d’une blessure,
d’une blessure interne, d’une blessure cutanée,
d’une blessure pathologique, d’un ulcère, d’une ci-
catrice, d’une tumeur solide et d’un nœud lymphati-
que drainant une tumeur.

8. Procédé selon la revendication 7, dans lequel la tu-
meur solide est choisie dans la liste d’une tumeur de
la peau, d’un mélanome, d’une tumeur du côlon, d’un
sarcome de tissu mou, d’un sarcome viscéral, d’un
fibrosarcome, d’une tumeur du foie et d’une tumeur
de l’estomac.
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